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Density on Deoxynivalenol Production by Fusarium graminearum in Hybrid Corn. 




Fusarium graminearum causes Gibberella ear rot in corn and produces mycotoxins such 
as deoxynivalenol (DON). Volunteer corn is a weed resulting from uncollected kernels 
from the previous harvest and is very difficult to control once established. An experiment 
was established in Porter County, IN from 2013 to 2015 to examine the impact of 
volunteer corn density on Gibberella ear rot severity and DON levels in hybrid corn. Five 
densities of volunteer corn were established within plots of each hybrid (0, 0.5, 2, 4, and 
8 volunteer plants/m
2
). Disease severity and DON were assessed for both hybrid and 
volunteer ears collected at harvest. Combined grain was also tested for DON. Disease 
severity was very low across all three years, and no effect of volunteer corn density on 
disease severity was observed. Significantly higher levels of DON were observed in 
volunteer corn samples compared to hybrid corn samples and combine corn samples in 
2013 and 2014 (P=0.0265 and P=0.0484, respectively). Yield decreased significantly 
with an increase in volunteer corn density in all three years (P<0.0001, P=0.0040, and 
P=0.0325, respectively). A second experiment was established in Tippecanoe County, IN 
 xi 
in 2014 and 2015 to examine the impact of corn plant generation on disease severity, 
DON, and yield. The F1 and F2 generations of six hybrids were planted in 2014 and 
increased to nine hybrids in 2015. Disease severity, DON and yield were measured. DON 
differed significantly between generations in 2015 (P=0.0340) and yield was affected in 
both years (P=0.0063 and P=0.0062, respectively). Results from both studies indicate 
that volunteer corn is at least as likely as hybrid corn to be affected by DON and develop 
Gibberella ear rot, and is able to reduce grain yield when present at high densities.  
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1.1. Corn as an agronomic crop 
1.1.1. Historical cultivation 
 Domesticated corn (Zea mays L) has become an important agronomic crop 
worldwide (Smith et al., 2004). It is estimated that corn was domesticated between 7,000 
and 10,000 years ago and was one of the first plants to be cultivated by humans (Peterson 
and Bianchi, 1999; Ranum et al., 2014). Corn originated in North and Central America 
(Beadle, 1939; Burtt-Davy, 1914), and its ancestors’ origin point was in Mexico (Pohl et 
al., 2007; Ranum et al., 2014; Smith et al., 2004). Corn pollen was discovered beneath 
Mexico City that dated back 80,000 years. Corncobs approximately 5,600 years old have 
been found in New Mexico (Ranum et al., 2014) and Mexico (Smith et al., 2004).  
Although the domesticated corn plant grown today would be incapable of 
surviving without humans (Beadle, 1939; Jugenheimer, 1985; Smith et al., 2004), genetic 
evidence suggests that the original ancestors of corn cross-bred naturally with wild plants 
such as gamagrass (Tripsacum dactyloides), creating teosinte (Euchlaena mexicana). 
Crosses with teosinte may have occurred naturally or by man, considering that teosinte is 
also edible (Beadle, 1939; Peterson and Bianchi, 1999). Of all the estimated ancestors of 
cultivated corn, gamagrass and teosinte remain the only non-extinct wild relatives 
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(Beadle, 1939; Ranum et al., 2014; Smith et al., 2004). Corn and wild teosinte are still 
capable of creating somewhat fertile offspring. This is partially because both have ten 
chromosomes (Beadle, 1939). Gamagrass and corn can hybridize, but with marginal 
results for fertile offspring (Beadle, 1939; Smith et al., 2004).  
1.1.2. Description of the plant 
 Corn is an annual grass adapted to warm to temperate environments (Inglett, 
1970). The plant belongs to the family Graminae and genus Zea. It is monoecious, 
meaning the male and female flowers are found on different inflorescences of the plant 
(Inglett, 1970). The female flowers are found on the ear and the male flowers are found in 
the tassels (Inglett, 1970).  
 Corn progresses through well-characterized growth stages as it matures. Two 
staging methods exist, leaf collar and horizontal leaf, but the most widely used method is 
leaf collar. The leaf collar method divides the plant’s growth into two sections, vegetative 
and reproductive stages (Fig. 1.1). Vegetative stages are labeled with a “V” followed by 
the number of collared leaves present on the plant (Abendroth et al., 2011). Plants 
typically grow 19 to 20 leaves. The final vegetative stage equals the number of the last 
leaf to emerge, V19 or V20. As a plant ages and the stalk expands, the oldest leaves 
senesce, often leaving only 14 to 16 leaves at time of pollination (Nafziger, 2014). Two 
vegetative stages are not associated with counting leaves: VE (emergence) and VT 
(tasselling) (Abendroth et al., 2011). 
Reproductive stages follow VT and are labeled with an “R” followed by numbers 
1 to 6. The first reproductive stage, R1, is also known as silking. This is the stage at 
which plants are at maximum or near maximum height, and at least one silk has emerged 
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from the husk leaves. Each silk is attached to one specific potential kernel, or ovary cell, 
and pollination occurs when a pollen grain lands on an exposed silk and germinates 
(Abendroth et al., 2011). This stage coincides with pollen shed (Nafziger, 2014). The R2 
stage is also known as the blister stage, at which time the kernels appear similar to 
blisters. This occurs approximately 10 to 12 days following R1. At this time the kernels 
have been fertilized and rapidly grow and increase in water content. At the beginning of 
R2 the kernels have approximately 85% kernel moisture. Silks naturally detach from the 
fertilized kernels and begin to dry, turning tan to light brown. The following stage, R3, is 
also called the milk stage. The kernels may explode easily when squeezed and have a 
milky interior. This occurs approximately 18 to 20 days after R1. Kernel moisture is 
approximately 80%. Starch accumulates more rapidly, leading to increased kernel dry 
matter. At this time the endosperm and embryo are distinguishable. The R4 stage occurs 
24 to 26 days after R1 and is called the dough stage. A plant is described as R4 when the 
consistency of the kernel interior resembles dough. Kernel moisture is approximately 
70%. The exterior of the kernels is a deeper yellow, and the inside is white. Kernel dry 
matter continues to increase as starch accumulates. Under stressful conditions, less starch 
will accumulate in the kernels, leading to a reduction in final kernel weight. The 
following stage, R5, is the longest reproductive stage, lasting nearly half of the 
reproductive phase of growth. It begins approximately 31 to 33 days after R1. Kernel 
moisture content is at approximately 60% at the start of R5. Declining moisture content at 
this stage leads to a dent shape at the top of the kernel. The last growth stage is R6, 
occurring at 64 to 66 days after R1, and is considered physiological maturity. At this 
stage kernel moisture content is approximately 35% and continues decreasing linearly 
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until about 20%. Environmental stress occurring at R6 will not result in loss of yield 
because kernels have reached maximum dry matter (Abendroth et al., 2011). 
 
Figure 1.1: Corn growth stages according to the leaf collar method of growth staging. 
(Nafziger, 2014) 
 Production of hybrid corn entails crossing two inbred corn lines, one female (the 
plant producing the hybrid seed) and one male (the plant producing pollen). Seed plants 
are detasseled prior to pollen shed, or are bred with a male sterility gene, which makes 
the pollen unviable (Ullstrup, 1972). The act of crossing inbred lines of corn can be 
traced back to Darwin, who in 1871 observed that the offspring of two inbred lines (inter-
varietal crosses) was more vigorous than the offspring of intra-varietal crosses (Cumo, 
2014). However, it did not become common for farmers to use hybrid corn varieties until 
the mid-1900s. In 1933, only 1% of acreage used for corn in the Midwestern Corn Belt 
was hybrid, while by 1943 over 90% of the acreage was planted with hybrid corn (Cumo, 
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2014). Corn hybrids may be bred for resistance to diseases, as well as maturity, yield, 
good stand, and stress tolerance (Abendroth et al., 2011; Nafziger, 2014). 
1.1.3. Economic importance 
 Domesticated corn has been an economically important crop in many parts of the 
world for years. Demand for corn is at an all-time high, driven by an increase in corn 
ethanol-based biofuel as well as an increase in demand for animal feed (USDA, 2015a; 
USDA, 2015b). In the United States (US) corn is used primarily for livestock feed, but in 
most other parts of the world its primary purpose is as a food source for humans 
(Jugenheimer, 1985). Approximately 90% of corn grown in the US is for grain, while the 
remaining 10% is for silage (Gibson and Benson, 2002). Corn is sold both domestically 
and internationally, as an important item of export for many farmers. 
In terms of corn production, the US is the largest producer and exporter of corn 
worldwide, growing approximately 32% of the world’s supply of corn and exporting 20% 
of the US crop (USDA, 2015c). Each year, over 80 million acres of corn are planted in 
the US, making it the most planted agronomic crop in the nation (USDA, 2015a). In 
2014, approximately 90.6 million acres of corn were planted (USDA, 2015d).  
Although corn is grown in many parts of the US, the majority of the corn acreage 
is planted in the Midwest, otherwise referred to as the ‘Corn Belt’. This area stretches 
from Nebraska and the Dakotas to Ohio and includes all states in between as well as 
some adjacent states (Jones and Durand, 1954). The soil, climate, and topography of this 
central area of the US all tend to be relatively ideal for corn growth (Jones and Durand, 
1954). 
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1.1.4. Crop loss from corn diseases 
 Yield loss is a common consequence of disease, often from reduced 
photosynthetic area of the plant, stunted growth, plant death, or loss of grain quality due 
to the presence of toxins in the grain. Ear rots in particular, such as Aspergillus ear rot, 
Diplodia ear rot, Fusarium ear rot, and Gibberella ear rot, often lead to lightweight or 
low-quality kernels, a rotting pith, and cause the husk to adhere to the kernels 
(Jugenheimer, 1985). Aspergillus and Fusarium species both produce mycotoxins 
(Aspergillus flavus produces aflatoxin, Fusarium verticillioides produces fumonisin and 
Fusarium graminearum produces deoxynivalenol, nivalenol, and zearalenone) (Dersjant-
Li et al., 2003). These pathogens are capable of decreasing kernel weight, decreasing 
number of kernels, and in the case of mycotoxins, decreasing value of grain yield since 
the farmer will be docked for presence of mycotoxins above a threshold level. In 2013 
alone, 1.1 billion bushels of corn were reported as yield loss due to disease, an estimated 
7.5% loss, in the top 22 US corn-producing states and Ontario, Canada (Mueller and 
Wise, 2014). According to Shurtleff (1990), annual losses in the US generally range from 
7% to 17%, depending on the weather, while the average global loss is around 9.4%. 
1.2. Fusarium graminearum 
1.2.1. Taxonomy 
 According to Goswami and Kistler (2004), the taxonomy of the causal agent of 










Genus: Fusarium (teleomorph Gibberella) 
Species: graminearum (Schwabe) (teleomorph zeae 
(Schweinitz) Petch.) 
1.2.2. Biological properties 
 Fusarium graminearum (syn. Gibberella zeae) is a homothallic fungus of the 
phylum Ascomycota (Goswami and Kistler, 2004). It can divide asexually, producing 
conidia, or sexually, producing ascospores. It is a plant pathogen that most commonly 
affects cereal crops such as barley, corn, oats, rice, rye, and wheat (Goswami and Kistler, 
2004; Sutton, 1982; White, 1998), but has also begun negatively affecting growth of 
soybean in soybean-corn rotational fields (Pioli et al., 2004). It grows optimally in a 
moderate temperature, with maximum ascospore release between 16.6 and 26° C 
(Tschantz et al., 1976). It also favors a moist environment. Because of this preference for 
cooler temperatures, the disease is more common in areas of cool weather such as 
northern states (Woloshuk and Wise, 2010), as well as Canada (Khonga and Sutton, 
1988). When infecting most cereal crops, the asexual stage is the more common pathogen 
(Desjardins et al., 2008; Goswami and Kistler, 2004; Mathre, 1997; Simons and Murphy, 
1968; Wiese, 1987). It is a facultative parasite capable of overwintering on crop residue, 
 8 
surviving as a saprophyte or forming chlamydospores. These structures generate the 
primary inoculum in the spring. 
 As temperatures increase in the spring, dark-colored, flask-shaped perithecia form 
on crop stubble, producing unitunicate asci, each typically containing eight ascospores 
(sexual spores), which are forcibly ejected from the perithecia, another major source of 
primary inoculum (Bockus et al., 2010; Trail, F., Gaffoor, I., and Vogel, S., 2005). 
Ascospores are between 3 and 5 µm long and typically have 3 septa (Sutton, 1982). 
Studies have shown perithecia develop most rapidly in environments of high moisture 
and moderate temperature (20° to 24°C), and in ideal conditions perithecia can grow 
from mycelium in approximately ten days. At extreme temperatures above and below this 
range, development diminishes heavily (Dufault et al., 2006). Ascospores require 
approximately 53% relative humidity for germination (Beyer et al., 2005) and usually are 
released in the evening, when relative humidity is highest (Gilbert and Fernando, 2004). 
 Macroconidia (asexual spores) develop on haploid mycelia, typically at the tips, 
and are typically 3 to 7 septate, depending on the temperature at which they form. They 
may be 2.5 to 5 µm long, depending on the number of septa (Sutton, 1982). They require 
higher relative humidity for germination than ascospores, above 80% (Beyer at al., 2005). 
Both ascospores and macroconidia (asexual spores) are approximately banana- or canoe-
like in shape, while macroconidia have a distinctive foot cell (Sutton, 1982; White, 
1998). 
Both the asexual and the sexual stages are commonly known for producing 
mycotoxins such as deoxynivalenol, nivalenol, and zearalenone in their hosts as a 
byproduct of infection (Mathre, 1997; White, 1998; Wiese, 1987). Macroconidia also 
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produce higher amounts of deoxynivalenol than ascospores at relative humidity above 
90%, but less between 53% and 80% relative humidity (Beyer et al., 2005).  
1.2.3. Diseases 
 Fusarium graminearum commonly affects corn in its sexual stage (White, 1998). 
It causes both Gibberella ear rot and Gibberella stalk rot (White, 1998), both of which 
can severely threaten corn yields. In the case of stalk rot, the ascospores often travel 
through roots, brace roots, or at the origin of the leaf sheaths, causing plant wilt, 
disintegration of the pith, and change of leaf color from light green to dull green. Corn 
may also succumb to Gibberella ear rot. The ascospores spread via wind, and enter the 
ears through young silks at early reproductive stages (White, 1998) (Fig. 1.2). Both of 
these diseases are common in the US Midwest and exist worldwide. In 2013 a loss of 
13.8 million bushels was reported due to Gibberella ear rot, and 30.1 million bushels 
were lost due to Gibberella stalk rot in the US (Mueller and Wise, 2014). 
 Another common disease caused by F. graminearum is Fusarium head blight of 
wheat. Many Fusarium species can cause this disease, but F. graminearum is one of the 
most common (Wiese, 1987). This disease is characterized by bleached spikelets on 
wheat heads, and pink or orange mycelium growing on the spikes (Wiese, 1987). 
Fusarium graminearum also produces deoxynivalenol, nivalenol, and zearalenone when 
infecting wheat (Bottalico and Perrone, 2002). This disease is common within the US 
Corn Belt and worldwide (Bockus, 2010). It is considered the most important disease of 
wheat in cool, humid climates (Paulitz, 1996). 
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Figure 1.2: Disease cycle of Fusarium graminearum in wheat and corn (Sutton, 1982). 
1.2.4. Mycotoxins 
 One of the most concerning effects of most diseases caused by F. graminearum is 
production of the mycotoxins deoxynivalenol, nivalenol, and zearalenone as a byproduct 
of the infection process. Mycotoxins may be defined as nonliving, low-molecular weight, 
fungal secondary metabolites that are toxic to humans and/or animals upon consumption 
and may result in illnesses and economic losses (Zain, 2011). Fusarium graminearum is 
grouped into four chemotypes based on the mycotoxin it produces. All four chemotypes 
are able to produce zearalenone. The most prevalent chemotype in the US and also the 
one of greatest economical concern produces deoxynivalenol (DON) (O’Donnell et al., 
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2000). DON, or vomitoxin, is the most commonly produced mycotoxin by F. 
graminearum. Nivalenol and zearalenone are also produced in some hosts, but are less 
frequently found in harvested corn and wheat (Vigier et al., 2001; Young and Miller, 
1985).  
 DON is a trichothecene that characteristically causes vomiting, refusal of feed, 
and weight loss in farm animals (Reid et al., 1996; Dersjant-Li et al., 2003). Feed refusal 
can occur in pigs at levels as low as 0.6 parts per million (ppm). Chickens can tolerate 
slightly higher concentrations, with reduced gizzard and liver weight at above 9 ppm and 
vomiting at above 16 ppm (Magan and Olsen, 2004). Concern has also spread that these 
toxins are capable of entering the eggs, meat, and milk of animals that consume them, 
leading to accidental human consumption (Miller, 1994). This is of particular importance 
in the case of zearalenone, as it has estrogenic properties (Placinta et al., 1999). However, 
studies suggest that only trace amounts are capable of entering animal byproducts such as 
milk, eggs, and meat (Miller, 1994). Pigs are particularly sensitive to low amounts of 
zearalenone, leading to symptoms such as vaginitis, but this toxin does not tend to cause 
feed refusal, even at higher concentrations. (Miller, 1994). 
Nivalenol is a trichothecene that causes immunotoxicity and hemotoxicity, 
leading to low white blood cell counts in rats. At levels above 2.5 ppm this toxin may 
cause kidney problems in pigs, and at levels above 5 ppm it can cause feed refusal 
(Magan and Olsen, 2004). However, very few problems have been reported of other 
deleterious effects in farm animals or in people (EFSA, 2013) so it is of less concern than 
DON or zearalenone. 
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Presence of these toxins in harvested corn decreases the quality of the grain, as it 
reduces the crop’s value and can even make it unmarketable. Presence of the F. 
graminearum on the kernels also decreases storage life, as the fungus can continue to 
grow and infect the kernel tissue post-harvest if the grain is not dried to below 15% 
moisture and properly stored. 
1.3. Gibberella ear rot 
1.3.1. History and Geography 
 Gibberella ear rot is prevalent in the northern US, most typically in the Midwest, 
as well as southeastern Canada, where corn is commonly grown and the summer 
environment tend to be cool and moist (Miller et al., 2007; Reid and Sinha, 1998; Sutton, 
1982). It can also be found in southern and eastern Europe (Logriego et al., 2002), central 
and southern Africa (Lovelace and Niathi, 1977; Marasas et al., 1979), and Nepal 
(Desjardins et al., 2008). The disease is caused by Fusarium graminearum (Schwabe) 
(Pereyra et al., 2004), a fungus most primarily known for its pathogenicity to wheat and 
corn, but which can also infect other cereal crops (Sutton, 1982).  
1.3.2. Disease cycle 
 Gibberella ear rot is a monocyclic disease, meaning that the pathogen completes a 
single cycle of pathogenesis in a growing season. It is characterized by salmon-pink to 
red filamentous mycelium growing on and within ears of corn and loss of kernel dry 
matter, leading to decreased yield, and significantly lightweight ears in severe cases. 
Infection begins when the primary inoculum, F. graminearum ascospores, infect the ears. 
Fusarium graminearum ascospores are forcibly ejected from perithecia formed on 
diseased plant residue from the previous year (Trail, F., Gaffoor, I., and Vogel, S., 2005; 
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Trail, 2005) (Fig. 1.3). Once ejected, the ascospores are primarily spread via wind and 
rain splashing, and usually germinate and grow on young silks, starting at the top and 
growing down the ear (Miller, 2007; Sutton, 1982). Ascopores are also able to enter 
through wounds created by insects and birds (Hesseltine and Bothast, 1977; Reid et al., 
1996; Reid and Sinha, 1998; Sutton, 1982; Vigier et al., 2001). Once the silks dry, the 
ascospores are incapable of entering the ear, but colonization within the ear may continue 
on for 8 or more weeks as the plant approaches physiological maturity. Macroconidia are 
formed at the tips of the mycelium, and transform into thick-walled chlamydospores upon 
reaching soil (Sutton, 1982). 
The fungus overwinters as chlamydospores and perithecia formed on debris left 
from the harvest season, most commonly corn stalks and ears (Khonga and Sutton, 1988; 
Krupke et al., 2009). The pathogen is capable of surviving saprophytically for more than 
4 years as deep as 25 to 30 centimeters in the soil, but is only able to grow and develop 
on plant debris within the upper 5 centimeters of soil (Leplat et al., 2013; Champeil et al., 
2004). Ascospores are released from the perithecia the following growing season, as the 
temperature increases, and the disease cycle begins again. Ideal growth conditions for the 
pathogen are when the temperature is cool and the air is moist for approximately 21 days 
after silking.  
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Figure 1.3: Effects of environment on the infection cycle of Fusarium graminearum 
(Sutton, 1982). 
1.3.3. Signs and Symptoms 
 After the F. graminearum ascospores enter through wounds and through young 
silks, a pink-red mycelium begins to colonize the kernels, typically beginning at the tip of 
the ear, growing down towards the shaft of the ear as the disease spreads. In moderately 
diseased ears, mycelium, a sign of disease, does not cover the entire ear, but in severely 
diseased plants (plants that were infected early in the season) the mycelium will spread 
all the way to the shank of the ear and the husk will adhere completely to the kernels 
(White, 1998). The fungus invades the kernels as it spreads, hindering grain fill and 
causing symptomatic ears to become lightweight (Sutton, 1982). 
1.3.4. Impact on farming 
Yield loss due to Gibberella ear rot and mycotoxin presence both can have a 
detrimental financial impact for corn farmers. The fungus’s invasion of kernels and 
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consequent interference in grain fill may negatively affect yield, as it may cause a 
decrease in the final kernel weight at harvest time. Regulations exist to prevent DON 
from entering the food and feed supply.  If the level of DON in grain exceeds a set 
threshold it may be unsellable or much more difficult to sell. As of 2003, in Europe, most 
of South America, and the US, DON concentration of as little as 2 parts per million 
decreases the value of the corn for both use for food and use for animal feed (Egmond, 
2004). The maximum concentration without dockage for zearalenone is even lower in the 
US, at 1 ppm (Egmond, 2004). Regulations also exist in other countries (Egmond, 2004). 
Farmers also must take caution when storing grain, since mycotoxins can continue 
to accumulate in grain previously infected by F. graminearum. It is imperative that the 
grain be stored at approximately 15% moisture or below, since increased moisture in 
storage increases the chance of fungal growth and disease spread (Woloshuk and Wise, 
2010).  
1.4. Disease management 
 There is no current method to completely control Gibberella ear rot in corn. Some 
moderately resistant hybrids are available, but none protects the crop completely from the 
disease (Vigier et al., 2001). Corn-soybean rotations also may be helpful, although if 
volunteer corn is present it may be able to serve as a host to F. graminearum until the 
next growing season, and F. graminearum has been found growing saprophytically on 
soybean plants (Pioli et al., 2004) and as a pathogen on soybean seedlings (Martinelli et 
al., 2004; Pioli et al., 2004; Xue et al., 2007) so crop rotation may not be as effective in 
reducing inoculum levels. Both the fungal teleomorph and the anamorph are capable of 
infecting nearly all cereal crops so it is difficult to identify an alternative and practical 
 16 
non-host crop. Conservation tillage practices have also increased disease incidence, as 
this practice leaves crop residue on the soil surface, allowing the pathogen from the 
previous season to overwinter and potentially infect plants in a subsequent crop (Dill-
Macky and Jones, 2000). As with nearly all plant diseases, one should thoroughly clean 
tools and clothing after working in the field to prevent spread of ascospores and 
macroconidia. Fungicides are labeled for in-season disease suppression, but studies have 
provided mixed results on the efficacy of these fungicides for disease control. 
 Several fungicides have been tested for use against F. graminearum. Studies have 
shown that the most effective fungicide group against this pathogen is the sterol 
biosynthesis inhibitor-demethylation inhibitor (SBI-DMI) triazole class of fungicides. 
Studies have shown that one DMI fungicide labeled for use on corn, prothioconazole, is 
effective for management of F. graminearum and DON (Pioneer, 2013). DMI fungicides 
are members of the G1 class of fungicides as designated by the fungicide resistance 
action committee (FRAC) (FRAC, 2015). They are defined by their ability to inhibit 
sterol biosynthesis in fungal membranes by inhibiting C14-demethylase (FRAC, 2015). 
1.5. Volunteer corn 
 Volunteer corn is a term for corn plants that result from the kernels of hybrid corn 
that were left in the field and subsequently germinate and grow the following growing 
season. These plants are often observed in soybean fields, due to the common 
corn/soybean rotation system, and are considered to be weeds (Marquardt et al., 2012a). 
The hybrid corn plants are open pollinated, allowing for pollen of unknown origin to land 
on the hybrid corn silks, as well as self-pollination. This type of pollination may lead to 
reduced genetic diversity and decreased genetic variability (Hallauer et al., 2010). If any 
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parents were heterozygous for any genes, the offspring is at risk of being recessive for a 
gene that may have otherwise helped its adaptability to the environment and genetic 
fitness (Caro and Laurenson, 1994). Any genes expressed by the F1 parent are generally 
weaker in the F2 generation, which may alter disease resistance. Research has been 
performed on the problems that may arise from inbreeding in mammals (Eldridge et al., 
1999) and insects (Roff and DeRose, 2001), but few studies have addressed the effect of 
inbreeding on plant disease traits. In the case of glyphosate-resistant corn, the genes for 
herbicide resistance in F1 corn are often still expressed in the volunteer corn at a lesser 
level making volunteer corn difficult to control (Deen et al., 2006; Krupke et al., 2009; 
Marquardt et al., 2012a). Because these plants are so difficult to control, farmers often 
ignore them, but according to Krupke et al. (2009), the insecticidal Bacillus thuringiensis 
(Bt) genes bred into the parent for defense against the western corn rootworm are 
weakened in the volunteer population, exposing the insects to sublethal doses of toxin.  
Herbicide resistance and Bt toxin production genes are single genes inserted into 
the corn genome through genetic engineering, but resistance to Gibberella ear rot is 
quantitative, or multigenic (Ali et al., 2005), and bred into the hybrid corn using 
traditional breeding methods. Due to the difference in breeding method, there may be a 
difference in retention of the genes in offspring, possibly influencing results, but no 
studies have been performed to determine whether this is the case. However, it is 
plausible that weakened genetic resistance in the volunteer plants may make them more 
susceptible to disease. 
In previous studies, when F2 seed was used as seed the following growing season, 
yield decreased 5 to 24% compared to F1 seed of the same variety (Richey, Springfield, 
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and Sprague, 1934). Research on studies using animals (Caro and Laurenson, 1994; 
Eldridge et al., 1999; Elgar and Clode, 2001; Roff and DeRose, 2001) may indicate that 
this relates to loss of fecundity in inbred individuals, although at present it is unknown 
whether the decrease in yield is due to low fecundity or due to a different impediment. 
 Studies have shown that volunteer corn has harbored at least one disease, 
Southern corn leaf blight. During the Southern corn leaf blight epidemic of 1970-1971, 
infections emerged in 1971 on volunteer corn in cornfields that were severely affected by 
Southern corn leaf blight in 1970 and that had debris remaining on the surface (Ullstrup, 
1972). Diseased volunteer plants continued to spread the disease to newly planted corn, 
creating localized epidemics. 
 Volunteer corn can impact yield of both hybrid corn and soybean, although 
studies have shown that it is less competitive in corn than in soybean, resulting in larger 
yield losses in soybean fields than in corn fields. Marquardt et al. (2012b) found that 
hybrid corn grain was reduced by 22% and 23% over two years when volunteer corn was 
present at 8 plants m
-
², but after combining the volunteer grain yield with the hybrid grain 
yield, losses were negligible. However, in a soybean field, approximately 10% of 
soybean yield was lost at a volunteer plant density of only 0.5 plants m
-
², with 41% 
soybean yield loss at 16 plants m
-
² (Marquardt et al., 2012a). Volunteer corn clumps are 
also more competitive than individual plants. In soybean, a 40% yield loss resulted from 
a volunteer corn population of 3,500 clumps of corn per acre, while in a soybean field 
with the same population of individual volunteer corn plants, the yield was only reduced 
10% (Stahl et al., 2013). 
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 There are limited options for control of volunteer corn in cornfields. Many 
volunteer corn plants, although they have weakened genetic resistance, still are capable of 
surviving post-emergence herbicide applications if their parent carried a resistance gene 
to glyphosate or glufosinate. In order to facilitate the effectiveness of a post-emergence 
herbicide, farmers can rotate corn hybrids with herbicide tolerance traits, planting a 
variety resistant to glyphosate one year and using glufosinate-resistant hybrids the 
following year (Marquardt et al., 2012a). Studies have shown that tillage is semi-effective 
(Thomas and Frick, 1993; Johnson et al., 2010). Tillage is more efficient at controlling 
volunteer corn when performed in the fall, as it may encourage the plants to germinate in 
the fall so that they do not emerge at planting in the spring (Johnson et al., 2010) 
Diclofop, clethodim, quizalifop-p-ethyl, and fenoxaprop-p-ethyl are additional herbicides 
that effectively control glyphosate-resistant volunteer corn in non-cornfields, such as 
soybean (Andersen et al., 1982; Deen et al., 2006). 
1.6. Study objectives 
 Volunteer corn is often ignored by farmers and poorly managed. It is costly and 
difficult to control due to continued glyphosate resistance and few other herbicides that 
will kill the volunteer corn but not the F1 hybrid. Tillage, while somewhat effective, can 
be expensive, cause erosion, and does not eliminate 100% of the debris left over from the 
previous year. The only definite method of control is to remove volunteer corn plants by 
hand, but most farmers have far too much land for this to be an efficient management 
strategy. Current research suggests that volunteer corn ears compensate for yield loss in 
hybrid corn due to competition. However, volunteer corn may cause overcrowding in a 
cornfield, and it is unknown whether this causes an increase in disease pressure due to 
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increases in abiotic (moisture and nutrient) stresses, or due to an increased inoculum 
present. The possibility of increased disease, and potentially increased levels of 
mycotoxins, could provide an incentive to farmers to better control the volunteer corn in 
their fields. It is also crucial to understand the effect volunteer corn may have on grain 
quality at harvest, especially concerning mycotoxin accumulation in corn grain. 
 It is presumed that volunteer corn has lost some of the genetic traits bred into its 
F1 parent. If volunteer corn displays increased signs and symptoms of Gibberella ear rot 
and contains higher concentrations of DON overall than the F1 varieties, this could 
suggest that the presence of volunteer corn is increasing the concentration of DON in the 
farmer’s yield overall, and also serves as another source of overwintering inoculum. It is 
unknown, but important to determine, the level of susceptibility of volunteer corn to F. 
graminearum compared to the F1 parent of the same variety, to further determine the 
detriment of its presence and density. 
One objective of this study is to determine the relationship between density of 
volunteer corn and level of mycotoxin present in hybrid cornfields inoculated with F. 
graminearum. With an increase in volunteer corn density, we hypothesize that 
mycotoxins in the final grain samples will also increase.  
 A second objective of this study is to compare hybrid corn susceptibility to 
volunteer corn susceptibility. Since studies have shown other genes, such as the Bt gene, 
to be weakened in volunteer corn, presumably the same is possible for disease resistance 
genes, leading to increased disease susceptibility in volunteer corn compared to its parent. 
If increased volunteer corn density turns out to significantly increase the 
concentration of DON in final grain samples and decrease yield, and volunteer corn is 
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more susceptible to F. graminearum than hybrid corn, it may be in a farmer’s best 
interest to manage volunteer corn. It is, therefore, important to understand the role 
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CHAPTER 2 EFFECT OF VOLUNTEER CORN DENSITY ON 




 Fusarium graminearum (Schwabe) is the primary causal agent of Gibberella ear 
rot of corn (Zea mays L). This disease is most commonly found in moist environments 
with cool temperatures such as the northern United States, southern Canada and southern 
and eastern Europe (Logriego et al., 2002; Miller et al., 2007; Reid and Sinha, 1998; 
Sutton, 1982). Ascospores of the fungus are spread by wind and rain (Miller, 2007; 
Sutton, 1982) and infect primarily through young silks but also may enter through 
wounds, producing a pink-red mycelium that colonizes the kernels beginning at the ear 
tip and moving down the ear as infection spreads (Trail, 2005a; Trail, 2005b; White, 
1998). The fungus invades the kernels, negatively impacting grain fill and decreasing the 
weight of symptomatic ears (Sutton, 1982). It overwinters in chlamydospores and 
perithecia on infected crop residue left after harvest (Khonga and Sutton, 1988; Sutton, 
1982).  
 Fusarium graminearum also produces several mycotoxins, most commonly 
deoxynivalenol (DON). DON, a trichothecene, is known to inhibit protein synthesis in 
eukaryotes, making it harmful to animals and humans (O’Donnell et al., 2000). This 
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pathogen is also known to infect wheat, causing Fusarium head blight (FHB). Currently, 
FHB is considered the wheat disease of greatest concern in the US (Bockus et al., 2010). 
Because of this, much research has been done on FHB, including the effect of crop 
residues and tillage (Dill-Macky and Jones, 2000) and degradation of DON by a resistant 
wheat cultivar (Miller and Arnison, 1986), but less research has occurred on Gibberella 
ear rot. 
 Corn is an economically important crop in the US, due to demand for corn 
ethanol-based biofuel and livestock feed (USDA, 2015a; USDA, 2015b). The US is the 
largest producer and exporter of corn worldwide, growing approximately 32% of the 
world’s supply of corn and exporting 20% of the US crop (USDA, 2015c). Corn is also 
the most planted agronomic crop in the country, with over 80 million acres planted 
annually (USDA, 2015a). The increased demand for corn has led to more farmers 
planting corn after corn rather than rotating crops (Plourde et al., 2013). It has also 
become more common to employ no-till residue management practices rather than 
preparing the seed bed with conventional tillage (Lal et al., 2007; Olson and Sander, 
1988; Uri, 2000) This is for several reasons, one being to minimize soil erosion and 
sequester carbon in soil (Lal et al., 2007; Uri, 2000), and decrease the required amount of 
labor and machinery, minimizing costs (Uri, 2000). However, more plant residue remains 
on the soil surface in no-till systems (Jirak-Peterson and Esker, 2011), which is the 
primary source of overwintering F. graminearum. The increase in no-till also leaves the 
corn kernels and ears that were not harvested on the soil surface, leading to an increased 
likelihood of volunteer corn germinating and growing the following growing season 
(Johnson et al., 2010; Thomas and Frick, 1993). 
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 Volunteer corn is considered a weed and is commonly found in cornfields due to 
the frequency of corn planted after corn (Soltani et al., 2014). Volunteer corn can be a 
very aggressive weed, and is also difficult to manage in corn due to the presence of 
herbicide resistance traits in corn. Herbicide resistance traits provide more efficient and 
broad-spectrum weed control and increase yields, and many corn hybrids are stacked 
with traits that make the plant resistant to the herbicides glyphosate and glufosinate 
(Soltani et al., 2014). However, studies have shown that stacking herbicide genes hinders 
volunteer corn control in a cornfield since this corn type may still express the herbicide 
glyphosate or glufosinate resistance genes from their parents (Deen et al., 2006; Krupke 
et al., 2009; Marquardt et al., 2012a; Soltani et al., 2014). However, the herbicide 
resistance genes are expressed at a reduced level, which means that herbicide application 
may damage or kill some of the volunteer plants. Volunteer corn can also expose western 
corn rootworms (Diabrotica virgifera virgifera; WCR) to sublethal doses of the 
insecticidal toxin produced by Bacillus thuringiensis (Bt) corn, allowing resistance 
against the toxin to develop in the rootworm (Krupke, 2009), and has also harbored at 
least one disease from one growing season to the next, southern corn leaf blight 
(Bipolaris maydis) (Ullstrup, 1972). 
 Research has demonstrated the effect of volunteer corn density on final yield in a 
cornfield. Marquardt et al. (2012b) determined that in fields with volunteer corn, the yield 
of the hybrid F1 generation corn decreased, likely due to increased competition present in 
the field. However, when the harvested volunteer corn was added to the harvested hybrid 
corn, volunteer corn density did not significantly affect yield. Kiesselbach (1930), Richey 
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et al. (1934), and Neal (1935) all found that yield consistently decreased in the F2 
generation compared to the F1 generation of corn, when grown and harvested separately. 
 Volunteer corn may cause overcrowding in the field, which also has the potential 
to lead to increased disease pressure, due either to abiotic stresses or due to an increase in 
inoculum. If an increase in volunteer corn leads to increased disease pressure for 
Gibberella ear rot, a cornfield with high density of volunteer corn may be at higher risk 
for the disease. Volunteer corn also has the potential to be more susceptible to the 
disease, as the disease resistance genes that may have been bred into its parent may be 
weakened. These factors may put a hybrid cornfield containing volunteer corn at higher 
risk for increased DON in the harvested grain.  
 Currently the role of volunteer corn in conjunction with F. graminearum, and 
resulting DON in harvested corn is unknown. Therefore, the objectives of this study were 
1) to examine the impact of volunteer corn density on development of Gibberella ear rot 
and DON accumulation in hybrid corn and 2) determine if volunteer corn affects yield. 
 
2.2. Materials and Methods 
Field studies were conducted in three field seasons, 2013, 2014, and 2015, at the 
Pinney-Purdue Agricultural Center in Wanatah, Indiana. 
 
2.2.1. Plot Establishment and Experimental Design 
 The experiment was arranged as a split-plot, with hybrid as the whole plot. Two 
hybrids were tested, P32T85 (disease resistance rating unavailable), and P0832AMX 
(rating 4 out of 9; susceptibility decreases with increasing value of rating). Subplots 
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consisted of five different densities (treatments) of volunteer corn: 0, 0.5, 2, 4, and 8 
volunteer plants/m
2
. Treatments were randomly assigned to subplots within each whole 
plot, and plots containing 0 volunteer corn plants/m
2
 served as controls within each 
replication. Experimental plots were 3.0 m wide and approximately 9.1 m long. Each plot 
was 4 rows wide. The inner two rows were used for data collection. The outer two rows 
served as border rows.  Each treatment was replicated eight times within the experiment 
in 2013 and four times in 2014 and 2015. Hybrid corn was planted at a seeding rate of 7.9 
x 10
4
 seeds/ha using a 4-row John Deere planter in 2013. In 2014 and 2015 the hybrid 
corn was planted using a Haldrup SP-35 precision planter (Haldrup USA Corp., Poneto, 
IN). Planting dates are listed in Table 1. Volunteer (F2) corn, saved from the previous 
year’s harvest, was planted in between the middle two rows of each plot with a hand jab 
planter on the same day as hybrid corn planting. The volunteer corn hybrids were 
P0382RR2 in 2014, P32T82 in 2014, and P32T85 in 2015. In all years, the field was 
chisel plowed or disked in the fall, and field cultivated or disked in the spring (Table 2). 
Fertilizer and herbicides were applied in all years in the forms, at the rates, and on 
the dates presented in Table 2. Density of volunteer corn in each plot was measured at R1 
by counting the number within a square meter. A square template made from PVC pipe 
(1 m lengths) was used to section areas for counting. 
 
2.2.2. Inoculum preparation 
 Macroconidia inoculum of F. graminearum was prepared in the laboratory prior 
to field inoculation. A mixture of isolates collected in Indiana was used in provide a 
diverse pathogen population. Isolates 09IN Decatur F3S1 and 10INSWS2U1-12 were 
 39 
used in 2013 and 2014, along with 09INDecaturF1S1 in 2013, and 13INHunt600N in 
2014. In 2015 isolates 10INSWS2-U1-12, 09IN Decatur F1S1, and 13Hunt600NPH5 
were used. Each isolate was screened for virulence on wheat in a greenhouse assay prior 
to being selected, and stored on colonized popcorn kernels at -80°C. To prepare 
inoculum, a single colonized popcorn kernel was plated onto potato dextrose agar (PDA) 
(Becton, Dickinson, and Co., Sparks, MD) amended with ampicillin at 0.05 mg/mL in 15 
x 100mm Petri dishes. Plates were incubated for 7 to 14 days at 22°C under a 12 hours 
light/dark cycle.   
To prepare liquid inoculum, a plug of each F. graminearum isolate was 
transferred to separate Erlenmeyer flasks containing a modified  mung bean broth (Bai 
and Shaner, 1996). The modifications included the following: Mung beans were added to 
nearly boiling water (95-99°C) and allowed to soak 10 to 15 minutes before the broth was 
strained to remove the beans, then divided among 1 L flasks with each flask containing 
approximately 500 mL broth. Inoculated flasks were shaken (model 15000-1, VWR 
Scientific, Randor, PA) at a speed of 90 to 100 RPM until the conidia concentration 
exceeded 80,000 conidia/mL (approximately two weeks). The conidia concentration was 
determined with a hemocytometer. The final inoculum was made by combining equal 
parts of each isolate (by conidia count) and diluting to 50,000 conidia/mL with water. 
Inoculum was stored at 4°C until use.  
Dried corn kernels were used as a carrier for solid inoculum. Kernels were placed 
in autoclave-safe plastic bags (0.6m x 0.9m) and autoclaved twice, with mixing between 
autoclave treatments. One fully colonized 15 x 100mm Petri dish (containing PDA 
amended with ampicillin at 0.05 mg/mL) of each isolate was cut into squares and placed 
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into an autoclaved bag. Only one isolate was placed in each bag. After inoculation, bags 
were placed in a greenhouse at 21°C-26°C to allow the inoculum to colonize the kernels. 
Bags were shaken every few days in order to spread the inoculum within the bags. After 
three weeks, the inoculum was spread flat on newspaper and allowed to dry five days, 
then stored at 4°C in preparation for use.  
 
2.2.3. Inoculum field application 
 Inoculum was applied to experimental plots by hand and spread equally between 
the two experimental rows of each plot. In 2013 and 2014, approximately 500g of 
inoculum was applied per plot at VT/R1. In 2014, an additional 300g of inoculum were 
applied to each plot 9 days after the initial application, for a total of approximately 800g 
of inoculum per plot. In 2015, 500g of inoculum were applied to each plot at V9 and at 
VT/R1.  In addition, liquid inoculum at a concentration of 50,000 conidia/mL was 
applied over the top of the corn plants at R1. A 0.4 m wide boom was used mounted with 
2 Teejet 6502 nozzles, powered by compressed CO2 calibrated at 40 psi, and calibrated to 
deliver 13.1 mL of liquid inoculum per second. Approximately 3 mL of liquid was 
applied per plant. Inoculation dates are listed in Table 1. 
 
2.2.4. Disease assessment 
 Gibberella ear rot severity was assessed on hybrid corn ears post-harvest each 
year. In all years, five hybrid ears were arbitrarily sampled per experimental row, for a 
total of 10 hybrid ears per plot. Each collected ear was rated for percent of diseased 
kernels on each ear. In 2013, presence of insect damage was also noted during rating. 
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Disease severity ratings were made in the field prior to harvest in the case of the 
volunteer corn ears. Up to 20 arbitrarily selected volunteer ears per plot were rated each 
year. One half the number of ears rated were sampled for DON analysis. In the case of an 
odd number of rated ears, the number of ears collected was rounded up.  
 In 2013, we confirmed the identity of F. graminearum on rated ears. Kernels from 
a sub-sample of infected hybrid and volunteer corn ears were collected. A total of 25 
surface-sterilized kernels per plot per corn type (volunteer or hybrid) were plated on 
potato dextrose agar (PDA) amended with ampicillin at 0.05 mg/mL in 15 x 100mm petri 
dishes. Putative colonies of F. graminearum were transferred to 3% water agar plates 
with carnation leaves placed on the surface (CLA) and allowed to grow 10 days at 22°C 
with 12 hours of light and 12 hours darkness. If perithecia formed on the carnation 
leaves, F. graminearum was confirmed and ascospores from the perithecia were 
transferred to 3% water agar for single sporing cultures and long-term storage. In 2014 
and 2015, only visual ratings were used to determine presence of Gibberella ear rot.  
 
2.2.5. Post-harvest assessments of yield and deoxynivalenol 
 Harvest dates are listed in Table 1. Plots were harvested  with a Kincaid 8-XP 
small plot combine (Kincaid Equipment Manufacturing, Haven, KS). The inner two rows 
of each plot were harvested and percent kernel moisture, test weight, and yield were 
measured. Yields were adjusted to a standard moisture of 15.5% moisture content 
(Ullstrup, 1972) and used to calculate the adjusted yield in kilograms per hectare (kg/ha).  
Approximately 2.3 kg of grain from the combine sample from each plot was tested for 
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DON levels. This grain sample was included in the experiment in order to test DON 
levels in grain where both volunteer and hybrid corn would be present. 
 Hybrid and volunteer ear samples were shelled in 2013 using a custom made 
electric sheller, and in 2014 an Agriculex SCS-2 sheller (Agriculex Inc., Guelph, Ontario, 
Canada). The sheller was thoroughly cleaned between each sample with a vacuum 
cleaner to avoid cross-contamination. Hybrid and volunteer corn and combine-collected 
samples from each year were ground with a Romer Series II Mill (Romer Labs, Inc., 
Union, MO). The mill was also thoroughly cleaned with a vacuum cleaner between 
samples.  
 A 20g sub-sample of milled grain was used for DON quantification. These tests 
were performed with a  DON3 QuickTox kit (EnviroLogix, Portland, ME) AQ 204 BG in 
2013, and a DON3 QuickTox kit AQ 254 BG in 2014 and 2015.The minimum detection 
limits were 0.2ppm and 0.29 ppm, and the maximum detection limits of the kits were 5.0 
ppm and 12.0 ppm, respectively. Analysis was performed following the kit instructions 
and DON levels were measured with a QuickScan system (EnviroLogix, Portland, ME). 
If DON levels in an individual sample exceeded the maximum detectable DON level for 
the kit, the sample was re-tested using a second 20g sample. Samples were diluted either 
2-fold or 10-fold after extraction and buffer was added according to the kit instructions.  
 
2.2.6. Data Analysis 
 All data analyses were performed using the PROC GLIMMIX procedure of SAS 
9.3 (SAS Institute Inc., Cary, NC). Each of the three years was analyzed separately since 
year significantly impacted DON concentration (P=0.0005) and yield (P<0.0001). 
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Replication and all interaction terms containing replication were treated as random 
effects. Least squared means (LSM) tests were performed to compare effect of each 
volunteer corn density on. Both hybrids were combined when performing LSM tests 
since hybrid was not a significant variable in most analyses. Differences between DON in 
corn sample types could not be estimated since there were no volunteer corn samples in 
the control plots (0 volunteer plants/m
2
). Therefore, additional ANOVA analyses were 
performed with all data values from the control removed in order to compare volunteer, 
combine, and hybrid sample types in treatments containing 0.5 to 8 plants/m
2
. To 
compare the combined grain samples and the hybrid corn subsamples across all volunteer 
corn densities, including the control, the same analysis was repeated removing all 
volunteer corn DON values. Fixed effects were said to be significant if P > 0.05.  
 
2.3. Results 
2.3.1. Effect of volunteer corn density on disease severity 
Due to low disease pressure most samples had no visible disease present. Disease 
severity was rated on a percentage scale. Mean disease severity did not exceed 1.4% in 
hybrid corn in any year, and only exceeded 1% in volunteer corn in 2014 and 2015, with 
a maximum amount of disease of 6.63%. Therefore the data set was comprised primarily 
of zero values, and disease severity values were not considered in further analyses. Mean 
disease incidence and severity values are presented in table A.1.  
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2.3.2. Effect of volunteer corn density on deoxynivalenol 
 Concentrations of DON were low across all corn sample types across all years. In 
2013, hybrid and corn sample type significantly affected DON concentration, but 
volunteer density did not in either analysis, including the two analyses including and 
excluding the control (0 volunteer plants/m
2
) (Table 2.3A, Table 2.4A, Table 2.5A). 
When the control treatment was removed from the analysis, volunteer corn had 
significantly higher DON levels compared to combined grain and hybrid corn subsample 
(Fig. 2.1). There was no significant difference between DON in combine and hybrid corn 
samples when volunteer corn was removed from analysis (Table 2.5A). In 2014, no 
variables significantly affected DON concentration, even when the control was removed 
(Table 2.4B, Table 2.5B).  
 In 2015, volunteer corn density did not significantly affect DON concentration 
(Table 2.4C, Table 2.5C). However, DON concentrations increased numerically with 
increasing volunteer corn density in both combine and hybrid grain samples. When the 
control was removed from the analysis, corn sample type did not significantly affect 
DON concentration (Table 2.4C). However, hybrid and corn sample type significantly 
affected DON concentration when volunteer corn was removed from the analysis. 
Combined corn samples had higher DON levels than hybrid corn (Fig. 2.2, Table 2.5C). 
The DON concentrations measured in volunteer samples at 2 plants/m
2
 and 8 plants/m
2
 
were high relative to other samples due to presence of highly diseased corn ears in the 
harvested sample.  
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2.3.3. Effect of volunteer corn density on yield 
 In each year of the study, volunteer corn density significantly impacted yield, with 
mean yield decreasing as volunteer corn density increased. In 2015, hybrid also impacted 
yield (Table 2.6A-C). 
In 2013, yields differed significantly among all volunteer corn densities except for 
between the two treatments with no or low levels of volunteer corn (0 plants/m
2
 and 0.5 
plants/m
2
) (Fig. 2.3A). In 2014, yield was decreased by as little as 0.5 volunteer plants/m
2
 
(P =0.033), and all volunteer corn densities except 4 plants/m
2
 reduced yield compared to 
the control (0 volunteer plants/m
2
). Yield was also decreased when volunteer corn density 
increased from 4 plants/m
2
 to 8 plants/m
2
 (P =0.020) (Fig. 2.3B). A similar trend was 
observed in 2015, where 2, 4, and 8 volunteer plants/m
2
 reduced yield compared to the 
control (0 volunteer plants/m
2
; P =0.020, P =0.006, P <0.001, respectively). Yield was 
decreased when volunteer corn density increased from 0.5 plants/m
2
 to 4 or 8 plants/m
2
 
(P =0.017; P =0.001, respectively) (Fig. 2.3C). 
 
2.4. Discussion 
 The results of this study indicate that volunteer corn can potentially impact grain 
quality and significantly reduces yield. Volunteer corn is not always a primary concern in 
cornfields, as it is assumed that any potential loss in yield from competition will be 
compensated for in volunteer corn grain, and volunteer corn is not typically considered to 
impact overall grain quality. However, our results show that volunteer corn can 
contribute to yield loss and potentially higher deoxynivalenol (DON) concentrations in 
the harvested grain even when the severity of Gibberella ear rot is low. 
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In all three years of our experiment, volunteer corn yield consistently decreased as 
volunteer corn density increased, suggesting that grain produced by volunteer corn cannot 
compensate for the loss in hybrid corn yield. This is contrary to the findings reported by 
Marquardt et al. (2012b) who found that hybrid corn yield decreased with increasing 
volunteer corn density, but such yield loss was compensated for when the volunteer grain 
yield was added to the total yield. In our study yield still consistently decreased even 
when the volunteer grain was added back in to the overall yield. There are several factors 
that may have influenced our results. Hybrids may adapt to presence of volunteer corn 
differently, impacting final yield and the two hybrids selected for this study may be 
acutely affected by volunteer corn presence. Additionally, environment likely plays a role 
since in a more favorable environment, volunteer corn may produce larger ears, or a 
larger number of plants may have been producing ears. Many volunteer plants in our 
plots did not produce any ears. Marquardt et al. (2012b) also mentioned that in their 
experiment, 100% of the volunteer ears were collected manually and were all included in 
their yield data. In a farmer’s field, this would not occur, as the combine is likely to leave 
some volunteer ears behind in the field, so volunteer corn density could still affect a 
farmer’s yield. Even if the combine collects the majority of the volunteer ears, some may 
be too small to be shelled and may be discarded out of the back of the combine. Our 
method of harvesting was similar to that of a farmer, and it is possible that some 
volunteer ears and grain were lost through combining plots, which may have influenced 
overall grain yield. Ultimately our research indicates that a farmer could suffer yield loss 
with as low as 2 plants/m
2
 of volunteer corn in a field, and greater yield loss as density 
increases in the field.  
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 There was no direct ear inoculation in the experiment, in order to emulate natural 
conditions. This may have contributed to the low disease pressure across all three years, 
which likely impacted DON levels, however, volunteer corn density did not significantly 
impact disease incidence or disease severity. Incidence and severity both remained fairly 
constant across the tested densities, but was very low in all years, making it difficult to 
assess the true impact of volunteer corn density on disease. Precipitation was not 
favorable for F. graminearum infection and disease development (Table 2.7), leading to 
low levels of disease severity and DON in 2013 and 2014. In 2013 the average daily 
temperatures during inoculation were hotter than in 2014 and 2015 (Table 2.7). Optimal 
conditions for Gibberella ear rot are high precipitation and moderate temperatures, and 
while the temperatures were fairly moderate in 2014 and 2015, no year had high 
precipitation. In 2015 the field was irrigated, compensating for the low precipitation, 
which may have contributed to slightly higher DON levels than in 2013 or 2014. 
Blandino et al. (2008) also found lower levels of DON present in hotter years, and higher 
levels when the weather was cooler and when there was increased precipitation.  
While we did not observe an impact of volunteer corn density on DON levels, 
there were differences in DON depending on the type of grain sampled. Specifically, 
DON levels were significantly higher in volunteer corn grain samples when compared to 
hybrid corn grain samples and combined grain samples at high volunteer corn density. 
These findings are consistent with studies by Blandino et al. (2008), which showed that 
the mycotoxins fumonisin B1, zearalenone, DON, aflatoxin B1 and ochratoxin A 
increased with increased hybrid density. Although DON levels were relatively low, 
especially in 2013 and 2014, there was an increase in DON that was detectable in a 
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combine sample. This indicates that if the disease were more severe in a farmer’s field, 
the presence of moderate or high density volunteer corn could potentially increase the 
level of DON in the harvested grain. This in turn further decreases grain quality and 
increases risk of dockage at the point of sale.  
 DON levels were higher in 2015 compared to previous years. In this year, 
inoculum was applied multiple times and environmental conditions were more favorable 
for disease development. While additional inoculum may have slightly increased disease 
levels compared to previous years, particularly in plots with higher volunteer corn 
density, it also increased the variation in disease severity since only a fraction of the ears 
were heavily diseased. Disease severity was still less than 1.4% in hybrid corn samples. 
This variation likely influenced DON levels in final corn grain samples. Grain from 
volunteer corn still had higher DON levels than hybrid corn in 2015 across all volunteer 
corn densities, but due to high variation within DON levels, the influence of corn sample 
type (combined, hybrid, volunteer) was not significant. There was very little disease, but 
there were detectable levels of DON present in the samples (above 1-2 ppm), indicating 
that even when disease severity is very low, F. graminearum can still cause a decrease in 
grain quality.  
 Our study observed the negative impacts that volunteer corn density can have on 
corn production. Increasing volunteer corn density directly reduced yield, and indirectly 
impacted DON levels in harvested grain, since volunteer corn with DON will be 
harvested by the combine and ultimately reduce grain quality in the final saleable 
product. These results should encourage farmers to either avoid continuous corn or make 
increased efforts to control volunteer corn in their cornfields. Contrary to farmers’ 
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perceptions and previous research (Marquardt et al., 2012) indicating volunteer corn has 
no impact on yield, high densities of this plant may significantly decrease yield due to 
competition or other factors. Although in the years during which we performed this study 
we did not get high disease pressure and the DON levels we measured may not have been 
rejected at a grain elevator, in high-disease-pressure fields with high volunteer  
corn density and ideal environmental conditions for disease, the levels of DON could 
reach problematic levels in the final harvested grain. This could potentially lead to 
significantly higher levels of DON than if there were no volunteer corn present.  
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Table 2.2: Dates and rates of field operations carried out prior to planting and during the growing season at the experimental 
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Table 2.3: Results from the one-way analysis of variance on deoxynivalenol (DON) 
concentration, measured in parts per million (ppm) from the 2013 (A), 2014 (B), and 
2015 (C) field experiments treating volunteer corn (VC) density, hybrid, corn sample 
type, and all interactions as main effects. Corn sample type refers to grain collected from 
hybrid corn, volunteer corn, and a combined sample of both corn types. An effect was 
considered significant when P>0.05. 
(A) 
Effect df F value P value 
Hybrid 1 11.09 0.0126 
VC density 4 0.55 0.6995 
Corn sample type 2 4.76 0.0265 
Hybrid*VC density 4 0.57 0.6848 
Hybrid*corn sample type 2 2.33 0.1336 
Corn sample type*VC density 7 0.35 0.9278 
Hybrid*corn sample type*VC 
density 
7 0.49 0.8373 
 
(B) 
Effect df F value P value 
Hybrid 1 1.82 0.2698 
VC density 4 0.40 0.8056 
Corn sample type 2 5.23 0.0484 
Hybrid*VC density 4 0.17 0.9522 
Hybrid*corn sample type 2 1.56 0.2840 
Corn sample type*VC density 7 0.43 0.8799 
Hybrid*corn sample type*VC 
density 
7 0.26 0.9666 
 
(C) 
Effect df F value P value 
Hybrid 1 0.43 0.5568 
VC density 4 1.81 0.1376 
Corn sample type 2 4.22 0.0717 
Hybrid*VC density 4 2.32 0.0658 
Hybrid*corn sample type 2 0.35 0.7171 
Corn sample type*VC density 7 2.02 0.0650 
Hybrid*corn sample type*VC 
density 
7 2.66 0.0175 
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Table 2.4: Results from the one-way analysis of variance on deoxynivalenol (DON) 
concentration measured in parts per million (ppm) when treatments not containing 
volunteer corn (0 plants/m
2
) are removed from analysis, from the 2013 (A), 2014 (B), and 
2015 (C) field experiments. Volunteer corn (VC) density, hybrid, corn sample type, and 
all interactions are main effects. Corn sample type refers to grain collected from hybrid 
corn, volunteer corn, and a combined sample of both corn types. An effect was 
considered significant when P>0.05. 
(A) 
Effect df F value P value 
Hybrid 1 9.60 0.0174 
VC density 3 0.58 0.6288 
Corn sample type 2 4.05 0.0410 
Hybrid*VC density 3 0.62 0.6034 
Hybrid*corn sample type 2 2.01 0.1703 
Corn sample type*VC density 6 0.35 0.9077 
Hybrid*corn sample type*VC 
density 
6 0.49 0.8121 
 
(B) 
Effect df F value P value 
Hybrid 1 1.50 0.3087 
VC density 3 0.45 0.7172 
Corn sample type 2 4.46 0.0651 
Hybrid*VC density 3 0.19 0.8999 
Hybrid*corn sample type 2 1.33 0.3328 
Corn sample type*VC density 6 0.42 0.8589 
Hybrid*corn sample type*VC 
density 
6 0.26 0.9533 
 
(C) 
Effect df F value P value 
Hybrid 1 0.38 0.5789 
VC density 3 2.04 0.1198 
Corn sample type 2 3.91 0.0817 
Hybrid*VC density 3 2.62 0.0600 
Hybrid*corn sample type 2 0.29 0.7549 
Corn sample type*VC density 6 2.00 0.0811 
Hybrid*corn sample type*VC 
density 
























































Figure 2.1: Deoxynivalenol (DON) concentrations measured in parts per million (ppm) in 
2013 (A), 2014 (B), and 2015 (C) of combine, hybrid, and volunteer corn samples from 
treatments containing volunteer corn (0 plants/m
2
 removed from analysis). Error bars 
represent the upper and lower limits of the standard error of mean values based on least 



















Corn sample type 
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Table 2.5: Results from the one-way analysis of variance on deoxynivalenol (DON) 
concentration, measured in parts per million (ppm) on treatments comparing only hybrid 
corn and combine samples from the 2013 (A), 2014 (B), and 2015 (C) field experiments 
treating volunteer corn (VC) density, hybrid, corn sample type, and all interactions as 
main effects. Corn sample type refers to grain collected from hybrid corn, volunteer corn, 
and a combined sample of both corn types. An effect was considered significant when 
P>0.05. 
(A) 
Effect df F value P value 
Hybrid 1 28.81 0.0010 
VC density 4 1.51 0.2051 
Corn sample type 4 0.13 0.7325 
Hybrid*VC density 1 1.16 0.3341 
Hybrid*corn sample type 1 0.23 0.6445 
Corn sample type*VC density 4 1.58 0.1853 
Hybrid*corn sample type*VC 
density 
4 2.10 0.0850 
 
(B) 
Effect df F value P value 
Hybrid 1 0.03 0.8717 
VC density 4 0.55 0.6982 
Corn sample type 4 0.11 0.7661 
Hybrid*VC density 1 0.93 0.4564 
Hybrid*corn sample type 1 0.45 0.5519 
Corn sample type*VC density 4 0.82 0.5169 
Hybrid*corn sample type*VC 
density 
4 1.71 0.1642 
 
(C) 
Effect df F value P value 
Hybrid 1 59.64 0.0045 
VC density 4 0.89 0.4744 
Corn sample type 4 21.32 0.0191 
Hybrid*VC density 1 0.93 0.4532 
Hybrid*corn sample type 1 10.63 0.0471 
Corn sample type*VC density 4 0.92 0.4575 
Hybrid*corn sample type*VC 
density 


























































Figure 2.2: Deoxynivalenol (DON) concentrations measured in parts per million (ppm) in 
2013 (A), 2014 (B), and 2015 (C) of combine and hybrid corn samples on treatments 
comparing only hybrid corn and combine samples. Error bars represent the upper and 




















Corn sample type 
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Table 2.6: Results from the one-way analysis of variance on yield from the 2013 (A), 
2014 (B), and 2015 (C) field experiments treating volunteer corn (VC) density, hybrid, 
and density*hybrid as main effects. Yield was measured in kilograms/hectare. An effect 
was considered significant when P>0.05. 
(A) 
Effect df F value P value 
VC density 4 56.95 <0.0001 
Hybrid 1 1.98 0.2025 
VC density*Hybrid 4 0.27 0.8981 
 
(B) 
Effect df F value P value 
VC density 4 5.19 0.0040 
Hybrid 1 0.01 0.9466 
VC density*Hybrid 4 1.35 0.2813 
 
(C) 
Effect df F value P value 
VC density 4 14.28 0.0325 
Hybrid 1 5.90 0.0019 




























































Figure 2.3: Effect of volunteer corn density on yield, adjusted for moisture at 15.5% and 
reported in kg/ha, in 2013 (A), 2014 (B), and 2015 (C). Error bars represent the upper and 
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Table 2.7: Average daily precipitation (mm) and temperatures (°C) in the weeks in June 
and July, the months during which inoculation occured in 2013, 2014, and 2015 in Porter 
County, IN. Weather data retrieved from the Indiana State Climate Office, iClimate.org. 









June 2-8 0.08 15.59 
June 9-15 10.67 20.48 
June 16-22 6.10 22.38 
June 23-29 8.13 23.81 
June 30-July 6 2.03 19.84 
July 7-13 2.29 22.82 
July 14-20 0.00 27.11 
July 21-27 0.25 20.20 






June 1-7 3.81 20.39 
June 8-14 4.57 17.98 
June 15-21 11.18 22.00 
June 22-28 7.87 22.78 
June 29-July 5 3.23 20.76 
July 6-12 2.21 21.55 
July 13-19 2.03 18.69 
July 20-26 1.09 19.96 






May 31-June 6 0.69 15.36 
June 7-13 9.50 22.02 
June 14-20 6.24 21.15 
June 21-27 3.85 20.99 
June 28-July 4 0.76 18.85 
July 5-11 7.84 19.37 
July 12-18 9.98 22.94 
July 19-25 0.00 22.78 




CHAPTER 3 EFFECT OF F1 AND F2 GENERATIONS OF HYBRID CORN ON 




 Hybrid corn can be defined as the genetic product of controlled crossing of two 
specifically selected inbred lines that which have been self-pollinated over the course of 
several years in order to achieve homozygosity (Griliches, 1957). Selection for the most 
desirable inbred lines occurs, and any lines exhibiting less than the desired qualities or 
established standards are discarded (Griliches, 1957; Sprague, 1946). Crossing two 
inbred lines creates not only genetic variation but also selectivity of specific genes for 
environmental adaptability and tolerance, as well as disease resistance. The use of two 
distinguished inbred lines as parental lines for a hybrid leads to large genetic variation 
and minimal mutation. In order to increase genetic variability, it is possible to cross 
offspring of two inbred lines with offspring of two separate inbred lines, so that the 
hybrid has the genetic variability and characteristics of all four inbred parents (Sprague, 
1946). Because of the genetic selection developed in inbred lines and the use of 
distinguishing lines as parents in a hybrid, the genotype of a corn hybrid has high genetic 
variability. 
 By contrast, the offspring of the hybrid corn (the F2 generation), also known as 
weed volunteer corn, is grown under much less controlled settings than its hybrid parent. 
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The plants are open pollinated, allowing pollen of unknown origin to land on the silks of 
the female gametes, and are also capable of self-pollination, leading to decreased genetic 
variability (Hallauer et al., 2010). Any heterozygosity present in the parental genome 
may also cause offspring to be recessive for certain genes. Loss of heterozygosity of 
genes required for environmental adaptability in some of the offspring may be deleterious 
in the event of environmental change, and would limit evolutionary capabilities (Caro 
and Laurenson, 1994). Across species and even kingdoms, it is commonly known that 
inbreeding leads to loss of genetic variation (Caro and Laurenson, 1994; Elgar and Clode, 
2001). Decrease in genetic variation may in turn lead to decreased fitness (Caro and 
Laurenson, 1994). Research has identified the problems associated with inbreeding in 
mammals (Eldridge et al., 1999) and insects (Roff and DeRose, 2001), but little is known 
about the effect of inbreeding on plant disease traits. 
According to Richey et al. (1934), when F2 seed was used as seed the following 
growing season, yield decreased 5 to 24% compared to F1 of the same variety. It could be 
hypothesized that yield loss relates to loss of fecundity in F2 individuals, since studies 
have shown results indicating loss of fecundity in animals (Caro and Laurenson, 1994; 
Eldridge et al., 1999; Elgar and Clode, 2001; Roff and DeRose, 2001). 
 While it is possible to lose total gene function due to inbreeding and potential 
self-pollination, it is more likely the gene will become less vigorous, but still be 
expressed in the offspring. Krupke et al. (2009) demonstrated that in the volunteer corn 
population, the insecticidal Bacillus thuringiensis (Bt) genes bred into the parent for 
defense against the western corn rootworm are weakened, but remain functional, 
exposing the insects to sublethal doses of toxin. Bt genes are inserted into the corn plant 
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using a transgenic approach, using a nonpathogenic strain of Agrobacterium tumefaciens 
to insert a gene coding for the Bt toxin from the soil bacterium B. thurigiensis (Li et al., 
2014). A similar pattern has developed in glyphosate-resistant corn using a single gene 
derived from Agrobacterium sp. and inserted into corn genomes (Funke et al., 2006). The 
genes for herbicide resistance in F1 corn are often still expressed in the volunteer corn 
making it difficult to control (Deen et al., 2006; Krupke et al., 2009; Marquardt et al., 
2012a). However, it is expressed at a less vigorous level, so some plants may succumb 
partially or completely to the herbicide. Studies have shown that both herbicide resistance 
traits and Bt toxin traits are affected by corn generation, but no research has been done to 
determine if disease resistance genes are affected in the same way.  
 Gibberella ear rot is a fungal disease of corn caused by Fusarium graminearum. 
This pathogen infects ears primarily through young silks but also through wounds, and 
produces a pink-red mycelium that spreads across the kernels, often beginning at the tip 
and spreading down (Trail, 2005a; Trail, 2005b; White, 1998). The fungus invades the 
kernel and inhibits grain fill, causing kernels to become shriveled and lightweight 
(Sutton, 1982). It also produces several mycotoxins, one of which is the trichothecene 
deoxynivalenol (DON) (O’Donnell et al., 2000).  
Unlike herbicide resistance and Bt toxin production genes, which are single genes 
inserted into the corn genome through genetic engineering, resistance to Gibberella ear 
rot is quantitative, or multigenic (Ali et al., 2005), and bred into the hybrid corn using 
traditional breeding methods rather than genetic engineering. The difference in breeding 
method may lead to a difference in gene retention in offspring, possibly influencing 
results, but no studies have determined this.  
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While no studies have been performed to examine whether the same weakening of 
genes that occurs for Bt genes (Krupke et al., 2009) and glyphosate resistance genes 
(Deen et al., 2006; Krupke et al., 2009; Marquardt et al., 2012a) also occurs for disease 
resistance genes, it is plausible that weakened genetic resistance in the volunteer plants 
may result in higher susceptiblity to disease. Volunteer plants may also cause stress to the 
hybrid plants in the same field, especially if present at high densities, which could in turn 
increase susceptibility of the hybrid plants. Increasing disease severity often leads to an 
increase in DON concentration, decreasing the quality of the harvested grain (Reid et al., 
1996). If there is an increase in DON concentration in volunteer corn and it is harvested 
with the planted crop, it may decrease the overall quality of the harvested grain.  
 It is currently unknown if volunteer corn (F2) is more susceptible to Gibberella 
ear rot than the F1 of the same hybrid, and if mycotoxin accumulation differs between 
corn generations. Determining the role of Gibberella ear rot in volunteer corn is important 
when helping farmers considering the importance of controlling volunteer corn in hybrid 
corn. Originally, a goal of this study was to determine whether there is a link between 
hybrid rating for susceptibility and final disease severity of a range of corn hybrids. 
However, Gibberella ear rot resistance ratings could not be obtained for each hybrid in 
the experiment. Therefore, the impact of corn plant generation on Gibberella ear rot and 
DON across a range of hybrids was the sole focus of the experiment. 
 The objectives of this study were to 1) examine the effects of corn generation on 
Gibberella ear rot severity, and 2) determine whether an increase in Gibberella ear rot 
severity leads to increased DON concentration. 
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3.2. Materials and Methods 
 Field studies were conducted in 2014 and 2015 at the Purdue Agronomy Center 
for Research and Education (ACRE) in West Lafayette, Indiana. 
 
3.2.1. Plot Establishment and Experimental Design 
 The experiment was arranged as a split-plot, with hybrid generation (F1 or F2) 
comprising the whole plot. F1 refers to hybrid corn and F2 refers to volunteer corn. 
Subplots (treatments) consisted of 6 different corn hybrids in 2014, or 9 different corn 
hybrids in 2015 (Table 3.1). Hybrids were randomly assigned to subplots within each 
whole plot. Experimental plots were 3.0 m wide and approximately 9.1 m long. Each plot 
was 4 rows wide, with 0.8 m in between each row. The inner two rows were used for data 
collection. The outer two rows served as border rows. Each treatment was replicated four 
times within the experiment. 
 In 2014, plots were planted on May 7, 2014, and on May 14 in 2015. Seed was 
planted at a seeding rate of 6.7 seeds/m with a Haldrup SP-35 plot planter (Haldrup USA 
Corp., Poneto, IN). The previous crop was corn. Prior to 2014, the field was tilled with a 
chisel plow on November 20, 2013 and with a field cultivator and rolling harrow on April 
22, 2014. Fertilizer was applied in the form of potash at a rate of 336 kg/ha on November 
13, 2013 and in the form of anhydrous ammonia at a rate of 200 kg/ha on April 19, 2014. 
Lime was applied at a rate of 6.7 tons/ha on November 20, 2013. Weeds were controlled 
by application of  S-metolachor and atrazine at a rate of 1 L/ha on April 23, 2014 and 
using glyphosate at a rate of 300g/ha on June 9, 2014. Prior to 2015, the field was tilled 
with a chisel plow on November 17, 2014, was vertical tilled on May 2, 2015, and was 
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worked with a field cultivator and rolling harrow on May 7, 2015. Fertilizer was applied 
in the form of anhydrous ammonia at a rate of 179 kg/ha on April 1, 2015. Weeds were 
controlled by application of  S-metolachor and atrazine at a rate of 7 L/ha, glyphosate at a 
rate of 2 L/ha, Class Act adjuvant at a rate of 3.8 L/378 L, and Interlock adjuvant at a rate 
of 0.3 L/ha.  
3.2.2. Collection and preparation of F2 corn 
 Approximately 13 kg of hybrid corn seed were collected from border rows of six 
different hybrids with a Kincaid 8-XP small plot combine in 2013 and stored as F2 
generation corn in 19-L buckets in a room kept at 4 to 6° C from October-November 
2013 until planting in 2014. These conditions simulated overwintering and inhibited 
pathogen growth. In April 2014 the buckets were removed from storage for planting 
preparation. The lids were removed, and corn was stored in a greenhouse with 
temperatures ranging from 21 to 27°C under approximately 12 hours of light and 12 
hours of darkness. In 2014 approximately 13 to 16 kg of seed was during October-
November 2014 from nine hybrids and stored as previously described. Because of high 
grain moisture at harvest, the contents of each bucket were spread out in a thin layer on 
newspaper in a greenhouse for 4 or 5 days prior to being placed in cold storage (4-6°C). 
Kernels that appeared diseased were removed and discarded prior to storage. Corn was 
removed from storage in April 2015 as needed to remove sufficient grain for planting and 
replaced in cold storage. 
 Germination tests were performed on the F2 corn collected the previous harvest 
season prior to field planting in both years. Planting trays measuring 0.4m x 0.5m x 
0.08m were filled with 5 cm of Sungro propagation mix soil (Sungro Horticulture, 
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Agawam, MA) and eight planting rows were made with a handheld press. Twenty-five 
seeds were placed at equal intervals in each row, and four rows were used for each 
hybrid, for a total of 100 seeds planted per hybrid. Two hybrids were planted per tray. An 
additional layer of approximately 1.2cm of soil was placed on top of the seeds. Trays 
were watered approximately every two days. After approximately 10 days the number of 
seedlings emerged out of 100 was counted for each hybrid. This number was considered 
to be the percent germination for each respective hybrid. 
 
3.2.3. Inoculum preparation 
Macroconidia inoculum of F. graminearum was prepared in the laboratory prior to field 
application. A mixture of isolates collected in Indiana was used in order to simulate 
natural disease conditions. In 2014 the isolates used were 13INHunt600N, 
09INDecaturF3S1, and 10INSWS2U1-12. In 2015 the isolates used were10INSWS2-U1-
12, 09IN Decatur F1S1, and 13Hunt600NPH5. Each isolate was screened for virulence 
on wheat in a greenhouse prior to being selected for use, and stored on colonized popcorn 
kernels at -80°C.  To prepare inoculum, a single colonized popcorn kernel was placed in 
the center of a Petri dish containing potato dextrose agar medium (PDA; Becton, 
Dickinson, and Co., Sparks, MD) amended with ampicillin at 0.05 mg/mL in 15 x 
100mm petri dishes. Plates were incubated at approximately 22°C with 12 hours of light 
and 12 hours darkness for approximately 7 to 14 days. A plug of each isolate was then 
transferred into separate Erlenmeyer flasks containing sterile mung bean broth medium, 
as described by Bai and Shaner (1996). The modifications included the following: Mung 
beans were added to near-boiling water (95-99°C) and allowed to soak 10 to 15 minutes 
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before the broth was strained to remove the beans, then divided among 1 L flasks with 
each flask containing approximately 500 mL broth. Flasks were plugged with cotton 
wrapped in cheesecloth and the tops were covered in aluminum foil prior to autoclaving. 
Inoculated flasks were shaken (model 15000-1, VWR Scientific, Randor, PA) at a speed 
of 90 to 100 RPM until concentration exceeded 80,000 conidia/mL (approximately two 
weeks. The concentration was determined with a hemocytometer. The final inoculum was 
made by combining equal parts of each isolate (by conidia count) and diluting to 10,000 
conidia/mL using water. Inoculum was stored at 4°C until use.  
 
3.2.4. Inoculum field application 
 In both years, inoculum was applied to treatments with an auto-syringe attached 
to a modified hydration bladder backpack. Five milliliters of inoculum (10,000 
conidia/mL) was injected via syringe into the primary ear of each plant in the two test 
rows. In 2014, plots were inoculated when approximately 80% of plants within an 
individual plot reached R1 stage of growth. In 2015, plots were inoculated when 
approximately 80% of the plants within all four plots of the generation (F1 or F2) of an 
individual hybrid reached R1 stage of growth. The F1 and F2 generations of an individual 
hybrid may mature at different speeds and so were not always inoculated in the same day. 
In 2014, plots were inoculated between July 16
 
and July 28, 2014. In 2015, plots were 
inoculated between July 22 and July 31, 2015. In 2015, an additional treatment was 
included as a non-inoculated control. 
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3.2.5. Disease assessment 
 Gibberella ear rot severity was assessed post-harvest in 2014 and 2015. All ears 
from experimental rows were hand-harvested on October 30, 2014 and October 6, 2015. 
In 2014, ears were rated on a 1 to 10 visual rating scale to assess the percentage of ear 
diseased (Fig. 3.1), and converted to a percentage scale. In 2015, ears were rated on a 
percentage scale. In both years it was noted if an ear contained very few (fewer than 10) 
or no kernels.  
 
3.2.6. Post-harvest assessments of yield and deoxynivalenol 
 In both years, kernels were harvested from ears by running collected ears through 
a Kincaid 8-XP small plot combine (Kincaid Equipment Manufacturing, Haven, KS). 
Percent kernel moisture, test weight, and yield were obtained and were used to calculate 
the adjusted yield at 15.5% moisture (kg/ha). Approximately 2.3kg of grain from the 
combined-sample of each plot was collected for grinding and testing of DON levels. Each 
sample was ground with a Romer Series II Mill (Romer Labs, Inc., Union, MO). The mill 
was thoroughly cleaned with a vacuum cleaner between samples to avoid cross-
contamination.  
 A 20g sub-sample of milled grain was used for DON quantification. These tests 
were performed with a DON3 QuickTox kits, catalog number AQ 254 BG in 2014 and 
2015, which had a range of measurement of 0.29-12.0 ppm. Analysis was performed 
following the instructions included in the kit and DON levels were determined with a 
QuickScan system (EnviroLogix, Portland, ME). In 2014, DON levels exceeded the 
maximum detectable DON level in every sample. All DON tests were performed by 
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diluting each sample. The resulting DON value was adjusted accordingly to obtain the 
final value. 
 
3.2.7. Data Analysis 
 All data analyses were performed using the PROC GLIMMIX procedure of SAS 
9.3 (SAS Institute Inc., Cary, NC). Because different hybrids were used in each year of 
the experiment, data were analyzed separately by year. The independent variable 
replication and interaction term replication*generation were treated as random effects. 
All dependent variables (DON, percent disease severity, and adjusted yield, hereafter 
referred to as “yield”) were analyzed to test for significant differences among hybrids and 
between corn generations (F1 and F2). The interaction term generation*hybrid was 
included in all analyses. Least squared means (LSM) tests were performed for the 
interaction term generation*hybrid. When interactions were significant, the SLICE option 
in SAS was used to determine the significance of F1 and F2 generation effects within 
each hybrid. Fixed effects were said to be significant if P < 0.05. Percent disease severity 
values were tested for normality using a q-q plot and were non-normal. However arc-sine 
transformation did not normalize data. Values were analyzed using PROC GLIMMIX 
due to the versatility of these analyses, while taking into consideration that the deviation 
from normal distribution could decrease the sensitivity of the analysis. Similar use of 
ANOVA to analyze data that were not normally distributed has been described previously 
(Byrne et al., 1996). A correlation analysis was performed to determine associations 




3.3.1. Effect of corn generation on disease severity 
In 2014, there was a significant interaction between corn plant generation and 
hybrid (Table 3.2A). Disease severity differed significantly between generations for two 
hybrids, P32T82 and Great Lakes 5939 (Table 3.1), but not for the remaining four 
hybrids tested. Disease severity was higher in F2 generation than in F1 generation for 
P32T82, but there was less disease in the F2 generation compared to the F1 in Great 
Lakes 5939 (Table 3.1). Disease severity among all other hybrids and generations was 
statistically similar. Disease severity was higher in F2 corn than in F1 corn for P32T82, 
but there was less disease in the F2 generation compared to the F1 in Great Lakes 5939 
(Fig. 3.2A). Mean disease severity ranged from 38.0% to 67.5% in F1 generations and 
from 32.6% to 54.0% in F2 generations. 
 In 2015, the analysis of hybrid and corn plant generation again showed significant 
statistically interactions (Table 3.2B). Disease severity was higher in the F2 generation 
for four hybrids, P9917AMX, P1339AM1, P1352AMXT, and P0832AMX, but less 
disease was observed in the F2 generation compared to the F1 for N68B-GT, N68B-
3111, and 84U58-3000GT (Table 3.1, Fig. 3.3A). Disease severity between corn plant 
generations was statistically similar for the remaining hybrids and within the non-
inoculated control. Mean disease severity was less than 0.5% in both F1 and F2 
generations in the non-inoculated control hybrid. In inoculated plots, mean disease 




3.3.2. Effect of corn generation on deoxynivalenol 
Concentrations of DON were high among all treatments in 2014, with mean 
values ranging from 45.5 ppm to 162.5 ppm in the F1 generation and from 68.0 ppm to 
131.0 ppm in the F2 generation. Hybrid significantly affected DON concentration, but 
generation status did not (Table 3.2A). DON concentration was higher in the F2 
generation for three hybrids, P32T82, P1339AM1, and P34F97 (Table 3.1) but less in the 
F2 generation compared to the F1 generation in the remaining three hybrids, DKC 55-09, 
P1343AM1, and GL 5939 (Table 3.1; Fig. 3.2B).  
In 2015, mean DON concentrations were lower than in 2014, with values of 0.7 
ppm in the non-inoculated control F1 generation plots, 1.85 ppm in the non-inoculated 
control F2 generation plots, and ranged from 3.9 ppm to 37.0 ppm in inoculated F1 and 
from 8.8 ppm to 35.2 ppm in the F2 generation. Hybrid and corn plant generation 
significantly affected DON concentration (Table 3.2B). DON concentrations were higher 
in the F2 generation for seven of the nine hybrids, P9917AMX, P34F97, P32T85, 
P1339AM1, P1352AMXT, P0832AMX, N68B-GT, and N68B-3111, as well as the non-
inoculated control (Table 3.1), but was higher in the F1 generation compared to the F2 of 
84U58-3000GT (Table 3.1; Fig. 3.3B). 
 
3.3.3. Effect of corn plant generation on yield 
 In 2014, corn plant generation and hybrid both significantly impacted yield (Table 
3.2A). Yield was significantly higher in the F1 generation for four of the six hybrids, 
DKC 55-09, P32T82, P1339AM1, and P34F97 (Table 3.1; Fig. 3.2C), but yields were 
lower in the F2 generation compared to the F1 generation across all six hybrids. There 
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was a significant decrease in mean yield of the F2 generation (4668.4 kg/ha) compared to 
mean yield of the F1 (7258.8 kg/ha).  
 In 2015, generation status and hybrid both correlated significantly to yield and 
there was an interaction between the two variables (Table 3.2B). There was significantly 
lower yield from the F2 generation (4978.5 kg/ha) compared to mean yield from the F1 
(6686.6 kg/ha). Yield was significantly less in the F2 compared to the F1 for seven of the 
nine hybrids, P9917AMX, P34F97, P32T85, P1339AM1, P1352AMXT, P0832AMX, 
and the non-inoculated control (Table 3.1; Fig. 3.3C). Only in two hybrids, N68B-3111 
and N68B-GT, was the F2 yield higher than the yield in the F1 (Fig. 3.3C)  
 
3.3.4. Correlation analysis 
 Yield showed a significant negative association with both DON and disease 
severity in the F1 generation in both 2014 and 2015. Yield was also significantly 
negatively associated with disease severity in the F2 generation but not with DON in both 
years. In both years DON was significantly positively associated with disease severity for 
both generations (Table 3.3). 
 
3.4. Discussion 
In our research, we observed that the F2 generation of corn was as susceptible to 
Gibberella ear rot as the F1 generation of hybrid corn in 2014, and in 2015, the majority 
of hybrids tested had higher disease severity and DON in the F2 generation. These results 
indicate that volunteer corn can accumulate DON at a level that is at least as high as that 
of hybrid corn.  
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While our results indicate that volunteer corn can be at least as susceptible as 
hybrid corn, we did observe differences between 2014 and 2015 in DON accumulation 
and disease severity among hybrids. These differences between years could be due to 
hybrid genetics and environmental conditions. For instance, in 2014, DON levels were 
extremely high, whereas in 2015, DON levels were moderate. The lowest mean DON 
concentration measured in 2014 was 45.5 ppm, and the highest mean DON concentration 
in 2015 was 37.0 ppm. It is possible that some of the hybrids planted in 2014 were highly 
susceptible and accumulated a high concentration of DON, but two hybrids were planted 
in both 2014 and 2015, and the difference in DON is significant between the years in 
these hybrids, indicating that it may have been environmentally based. The fall of 2014 
was very wet, and more precipitation occurred in 2014 than in the fall of 2015 (Table 
3.4). These wetter conditions likely slowed corn dry-down, created a more humid 
environment, and therefore contributed to the high concentration of DON. By contrast, 
the drier fall in 2015 could have limited DON accumulation. High precipitation in late 
2014 also prohibited harvest until late October, and corn harvest occurred several weeks 
later than in 2015, creating a longer period of time for DON accumulation in the field. 
Yield of the F1 generation was typically higher than the yield of the F2 generation 
treatments, indicating a possible loss of fecundity in the second generation due to lack of 
vigor in the plants and smaller corn ears. In only two of the fifteen hybrids tested over 
both years, N68B-GT and N68B-3111, was the yield higher in the F2 generation 
compared to the F1 generation. These also were two of the three hybrids where disease 
severity was lower in the F2 generation compared with the F1 generation. Since disease 
in the F1 generation ears were significantly more severe than the F2 generation ears, 
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there may have been less kernel dry matter in the F1 generation ears, resulting in lower 
yields compared to the F2 generation. 
In 2014, F2 yields were also likely affected by the glyphosate application that 
occurred at V5. This application decreased the number of F2 plants of each hybrid by 
10.7% to 24.7% (Fig. A1). The glyphosate resistance in the succumbed plants likely were 
lost or weakened, leading to plant death, and consequently decreased yield. In 2015, we 
saw a similar trend to 2014 with decreased yield in the F2 generation, indicating that 
regardless of this limitation, volunteer corn is likely to have decreased yield potential 
compared to the planted F1 hybrid. Our results are consistent with studies on the effect of 
generation on yield performed by Kiesselbach (1930), Richey et al. (1934), and Neal 
(1935) where yield was consistently lower in the F2 generation compared to the F1 
generation of corn. The collected F2 generation corn ears in our study were generally 
smaller and not fully fertilized, likely contributing to lower yields. For farmers, this may 
mean a loss in overall yield, as volunteer corn competes with hybrid corn. Additionally, 
according to Marquardt et al. (2012b), volunteer corn presence decreases hybrid corn 
yield, and the yield further decreases with increased volunteer corn density (when 
volunteer corn is removed prior to harvest). These authors also observed that volunteer 
corn was less vigorous than hybrid corn, which was consistent with our findings as well. 
However, they also concluded that while hybrid yield decreased with increased volunteer 
corn density, when the volunteer corn yield was added to the hybrid corn yield, volunteer 
corn density had no influence on overall yield (contrary to our findings in Chapter 2). 
Farmers may expect similar results to those of Marquardt et al. (2012b), or may have 
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some loss due to competition and the fact that volunteer corn ears tend to be smaller and 
produce fewer kernels than hybrid ears.  
The results of the correlation analysis suggest that the three studied factors of 
disease do not operate independent of each other, and the severity of physical disease 
signs present on the corn ear may reflect DON accumulation in grain, and ultimately final 
yield. These results indicate that increased Gibberella ear rot disease severity increases 
DON, as well as reduces yield. This is consistent with a study performed on corn by Reid 
et al. (1996) where DON accumulation is correlated with Gibberella ear rot severity. It is 
contrary to a study performed on wheat by Martin and Johnston (1982) where DON 
accumulation was not correlated with Fusarium head blight severity. 
 The results of this study show inconsistencies in Gibberella ear rot severity and 
DON accumulation between hybrid generations, suggesting there may be more factors at 
play than inbreeding when determining if the F2 generation of a corn hybrid will be more 
susceptible than its parent to Gibberella ear rot. This research can aid farmers in 
understanding the potential risk volunteer corn poses to fields that are under high disease 
pressure for Gibberella ear rot. Although disease severity and DON levels varied between 
years, our data show that the F2 generation of a range of hybrids is at least as likely to be 
affected by Gibberella ear rot and contribute to DON levels as the F1 generation. This 
research is the first to look at the impact of disease severity in volunteer corn and will 
hopefully lead to additional research on the impact of plant generation on corn and other 
agronomic crops. Understanding the full impact of all available hosts to contribute to 
inoculum and final disease levels is important in understanding how to manage important 
diseases such as Gibberella ear rot. 
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3.6. Tables and Figures 
Table 3.1: Comparison of disease severity (%), deoxynivalenol (DON) values (ppm), and 
yield (kg/ha) values between F1 generation corn and F2 generation in 2014 and 2015. To 
measure disease severity, individual ears were hand-harvested and rated for percent 
disease severity. To measure yield, individual ears that had been hand-harvested were run 
through a combine, weighed, and adjusted for 15.5% moisture content. The difference 
between the two generations was considered significant when P>0.05. 












F1 48.07 70.50 7043.78 
F2 42.73 68.00 4759.91 





F1 67.45 162.50 4848.23 
F2 54.00 120.00 4329.90 





F1 51.12 98.88 7379.40 
F2 45.40 131.00 4783.84 





F1 56.53 132.56 6388.34 
F2 51.47 91.00 4691.84 





F1 38.04 78.50 8599.93 
F2 47.64 96.50 4487.97 





F1 25.65 45.45 9239.01 
F2 32.55 72.95 4956.95 











F1 0.34 0.70 8462.65 
F2 0.05 1.85 5337.39 





F1 53.08 37.00 5018.03 
F2 44.55 35.25 3810.27 





F1 47.27 25.00 3818.46 
F2 37.70 29.75 4474.49 





F1 48.70 11.40 4541.34 
F2 35.11 22.65 5959.89 





F1 15.38 8.13 7315.70 
F2 26.12 16.75 5609.43 






F1 15.98 10.07 8207.20 
F2 23.57 14.90 5360.06 





F1 6.47 3.95 8171.78 
F2 21.85 8.85 6303.93 





F1 29.68 12.33 6091.99 
F2 29.48 22.50 4163.00 





F1 14.68 6.05 7978.11 
F2 17.69 8.88 5374.10 





F1 15.75 3.95 7260.21 
F2 34.95 11.30 3392.47 
P value <0.0001 0.1435 <0.0001 
a. 
Hybrid produced by DeKalb, owned by Monsanto Company. 
b.
 Hybrid produced by Great Lakes Hybrids Seeds, LLC. 
c.
 Hybrids produced by DuPont Pioneer. 
d.
 Hybrid P9917AMX was used as a non-inoculated control. 
e.
 Hybrids produced by Syngenta. 
f.
 Denotes that disease ratings were not available and could not be obtained for these 
hybrids. 
g.






      
          Rating: 1 (No disease)                              Rating: 2 (1-20% disease) 
 
       
           Rating: 3 (21-30% disease)             Rating: 4 (31-40% disease) 
 
       
          Rating: 5 (41-50% disease)            Rating: 6 (51-60% disease) 
 
       
         Rating: 7 (61-70% disease)          Rating: 8 (71-80% disease) 
 
        
         Rating: 9 (81-99% disease,             Rating: 10 (100% disease, all  
      only a few healthy kernels left)                                                                                         kernels rotted) 
  




Table 3.2: Results from the one-way analyses of variance on disease severity (%), 
deoxynivalenol (DON), and yield from the 2014 (A) and 2015 (B) field experiments 
treating corn plant generation (F1 vs. F2), hybrid, and generation*hybrid as main effects. 
The difference between the two generations was considered significant when P>0.05. 
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1 0.80 0.4366 1 0.02 0.8975 1 47.48 0.0063 
Hybrid 5 36.32 <0.0001 5 5.66 0.0007 5 3.49 0.0122 






















1 4.46 0.1251 1 13.76 0.0340 1 47.77 0.0062 
Hybrid 9 108.54 <0.0001 9 20.98 <0.0001 9 8.17 <0.0001 




































































Figure 3.2: Effect of corn plant generation (F1, F2) and hybrid on A) Gibberella ear rot 
severity (%), B) deoxynivalenol (DON) concentration, reported in parts per million 
(ppm), and C) yield (kilograms/hectare) in 2014. Hybrid generation did not significantly 
affect DON. Error bars represent the upper and lower limits of the standard error of mean 






















































































Figure 3.3: Effect of corn plant generation on A) Gibberella ear rot severity (%), B) 
deoxynivalenol (DON) concentration, reported in parts per million (ppm), and C), yield 
(kilograms/hectare) in 2015. Control sample was non-inoculated. Error bars represent the 





















Table 3.3: Pearson’s correlation tests for associations between yield, deoxynivalenol 
(DON), and disease severity (%) within corn plant generations (F1 and F2) in 2014 and 
2015. 
Year Relationship 
F1 generation F2 generation 
r P-value r P-value 
2014 
Yield-DON -0.76387 <0.0001 -0.33793 0.1063 
Yield-Disease severity -0.93741 <0.0001 -0.57565 0.0032 
Disease severity-DON 0.78772 <0.0001 0.65728 0.0005 
2015 
Yield-DON -0.55377 0.0003 -0.30174 0.0585 
Yield-Disease severity -0.85272 <0.0001 -0.43371 0.0052 




Table 3.4: Total precipitation (mm), maximum, and minimum temperatures (°C) in each 
month between planting and harvest in 2014 and 2015 in Tippecanoe County, IN. In 2014 
values were collected between May 7 (planting) and October 30 (harvest) and in 2015 
values were collected between May 14 (planting) and October 6 (harvest). Weather data 
retrieved from the Indiana State Climate Office, iClimate.org. 





May 124.46 25.16 11.36 
June 148.08 29.09 16.28 
July 95.25 26.54 13.53 
August 211.07 28.21 15.72 
September 143.00 24.46 9.22 




May 53.34 24.84 12.13 
June 255.02 25.65 15.69 
July 182.63 27.97 16.2 
August 31.24 27.96 14.66 
September 87.38 27.98 12.83 









 Two experiments were performed to understand how volunteer corn affects 
Gibberella ear rot and deoxynivalenol (DON) accumulation in hybrid corn. In these 
experiments, yield decreased significantly with an increase in volunteer corn density in 
all years. DON levels and disease severity were low in one experiment due to an 
unfavorable environment for disease development across the years of the experiment. 
Therefore, it was difficult to assess the impact of volunteer corn density of DON. 
However, DON concentrations were higher in volunteer corn samples than hybrid corn 
samples or samples collected by the combine, meaning that in a field setting volunteer 
corn collected by the combine could potentially decrease the quality of the overall 
harvested grain.  
 Volunteer corn was generally one to two growth stages behind the hybrid corn, 
and began silking at a later time than the hybrid corn. This allowed for a larger window 
of time for ascospores to find a host, increasing the chance that some Gibberella ear rot, 
either in volunteer corn or hybrid corn, would develop in a field. In a field with high 
density of volunteer corn in a year of high disease pressure, this could be of increased 
concern, especially since in a farmer’s field the volunteer corn is unlikely to all germinate 
at the same time.  
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 In both experiments, the volunteer corn (F2 generation) ears were commonly 
smaller and had fewer kernels than hybrid corn due to incomplete pollination and reduced 
vigor. This was especially true for the experiment examining effect of volunteer corn 
density. Higher volunteer corn density resulted in fewer ears or ears with a reduced 
number of kernels, leading to a more concentrated sample for DON level analysis. In 
overall harvested grain, a few diseased kernels would dilute out across the larger amount 
of grain collected. However, grain used for ethanol production needs to be free of 
detectable levels of DON, so even a small amount of DON could lead to a large problem 
depending on the final grain market.   
By performing these experiments, we hope to aid farmers in understanding the 
potential risk volunteer corn may pose to fields under high disease pressure for 
Gibberella ear rot. As it is impossible to know until mid-season whether the growing 
season will prove conducive to Gibberella ear rot, and it is difficult to control volunteer 
corn once the hybrid corn has emerged, it is in the farmer’s best interest to control 
volunteer corn prior to the growing season. An option for control would be fall tillage, so 
that the volunteer corn kernels sprout in the fall and are then killed by the frost. Our 
research indicates that volunteer corn can affect yield at densities as low as 2 plants/m
2
, 


















Table A.1: Mean Gibberella ear rot severity (%) and incidence in 2013, 2014, and 2015. 






Disease severity Disease Incidence 









0.5 0.0625 0.1264 0.0063 0.0230 
2 0.0031 0.5516 0.0063 0.0452 
4 0.2201 0.8734 0.0126 0.0380 









0.5 0.1250 0 0.025 0 
2 0.1750 0.9647 0.075 0.0471 
4 0.2625 1.6942 0.025 0.0826 









0.5 0.7500 2.9710 0.1000 0.0870 
2 0.5000 5.3103 0.0625 0.1793 
4 1.4375 4.0217 0.1125 0.1232 





Figure A.1: Percent loss of F2 generation corn plants after glyphosate application, June 
2014. Corn plants were at approximately V5 stage of growth. Bars marked with different 
letters indicate values are significantly different according to Fisher’s LSD test at 0.05 
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